A gene encoding a spore-associated subtilase, designated protease CDF, was cloned from Thermoactinomyces sp. CDF and expressed in Escherichia coli. The enzyme gene is translated as a proform consisting of a 94 aa propeptide and a 283 aa mature protease domain. Phylogenetic analysis revealed that this enzyme belonged to the subtilisin family, but could not be grouped into any of its six known subfamilies. The mature protease CDF has an unusually high content of charged residues, which are mainly distributed on the enzyme surface. The recombinant proform of protease CDF formed inclusion bodies, but could be efficiently converted to the mature enzyme when the inclusion bodies were dissolved in alkaline buffers. The proform underwent a two-step maturation process, wherein the N-terminal part (85 residues) of the propeptide was autoprocessed intramolecularly, and the remaining 9-residue peptide was further processed intermolecularly. Protease CDF exhibited optimal proteolytic activity at 50-55 6C and pH 10.5-11.0. The enzyme was stable under high-pH conditions (pH 11.0-12.0), and NaCl could stabilize the enzyme at lower pH values. In addition, the enzyme was not dependent on calcium for either maturation or stability. By immunoblot analysis, protease CDF was found to be associated with spores, and could be extracted from the spores with 2 M KCl and alkaline buffers without damaging the coat layer, demonstrating that the protease CDF is located on the surface of the spore coat.
INTRODUCTION
Thermoactinomyces species are thermophilic filamentous bacteria, closely related to the genus Bacillus, and flourish in decaying hay, compost and other high-temperature habitats. These bacteria produce highly resistant endospores at the tips of the hyphae, enabling them to survive in harsh environments over long periods, up to 9000 years (Nilsson & Renberg, 1990) . Resembling those of Bacillus species, the spores of Thermoactinomyces species have highly ordered structures consisting of a core, cortex and coat, as well as an additional balloon-like exosporium surrounding the coat layer in some cases (Lacey, 1989; Yoon et al., 2005) . Although the spores are known as the dormant form of bacteria, many spore-associated enzyme activities have been identified, especially those of Bacillus species, where proteases are crucial for spore germination (Hilbert & Piggot, 2004) . In addition, some sporeassociated proteases contribute to the virulence of bacteria (Ramarao & Lereclus, 2005) . With regard to Thermoactinomyces species, esterase activity has been detected in the spores of Thermoactinomyces vulgaris by using fluorogenic substrates (Gazenko et al., 1998) . However, spore-associated proteases have not yet been identified and characterized in Thermoactinomyces species.
Similar to fungi and actinomycetes, Thermoactinomyces species can spread their spores into the air, and the airborne spores are recognized as important air pollutants. Inhalational exposure to the spores of Thermoactinomyces, as well as to those of fungi and actinomycetes, may cause respiratory disorders in humans and livestock. Farmer's lung disease (FLD) represents a classic example of lung hypersensitivity pneumonitis (Pepys et al., 1963) . The immunopathological reactions in the lungs may involve a specific hypersensitivity response to the spore antigens and a non-specific response to spore-associated biologically active components, including proteases, which have long been known as respiratory hazards (Pauwels et al., 1978; Yike et al., 2007) . Protease activity has been described in antigen preparations of Thermoactinomyces species, and antibodies to two serine proteases from Thermoactinomyces candidus were detected in the blood of FLD patients, implying a possible relevance of the proteases in FLD (Roberts et al., 1983 Thermoactinomyces species are generally used as a source of thermostable proteases, among which thermitase from T. vulgaris is the best known (Teplyakov et al., 1990) . The extracellular serine proteases produced by Thermoactinomyces sp. HS682 (Tsuchiya et al., 1992) and Thermoactinomyces sp. E79 (Lee et al., 1996) are not only heatresistant, but also stable under highly alkaline conditions. In addition, intracellular alkaline proteases have been described for Thermoactinomyces sp. HS682 (Tsuchiya et al., 1997) and T. vulgaris (Schalinatus et al., 1983b) . Besides the proteases that are present in soluble forms, minor proteases have also been found to be linked to the cytoplasmic membrane of T. vulgaris (Schalinatus et al., 1983a) .
In this study, a novel subtilase (protease CDF) was identified in the spores of a newly isolated Thermoactinomyces sp. CDF. The gene encoding this enzyme was cloned and expressed in Escherichia coli. The biochemical properties, maturation process and localization of the enzyme were investigated. To our knowledge, protease CDF is the first spore-associated protease to be identified and characterized in Thermoactinomyces species.
METHODS
Reagents. Restriction enzymes and T4 DNA ligase were purchased from TaKaRa. Taq and Pfu DNA polymerases were purchased from BioStar. Proteinase K was from Amresco. Azocasein, azo-dye impregnated collagen (azocoll), keratin-azure, elastin-orcein and oxidized insulin B chain were from Sigma. All other reagents were the purest ones commercially available.
Strains, growth conditions and preparation of spores. The bacterium Thermoactinomyces sp. CDF was isolated from the campus soil of Wuhan University, China. The bacteria were grown in 250 ml flasks containing 50 ml of Luria-Bertani (LB) medium at 55 uC for 2 days with constant shaking (150 r.p.m.), and were used for extraction of genomic DNA. Spores were prepared by culturing the bacterium on LB agar plates at 55 uC for 2 days. The lawn culture was gently scraped from the surface of the agar plates and washed three times with normal saline [0.9 % (w/v) NaCl]. The pellet was treated with lysozyme (0.1 mg ml 21 ) at 37 uC for 10 min in 50 mM Tris/HCl (pH 8.0) and then sonicated for ten 15 s bursts, each separated by 2 min cooling on ice. Thereafter, the suspension was subjected to a short low-speed centrifugation (4000 g, 5 min) to collect the spores. The spores were washed with normal saline by repeated centrifugation until the contaminated cell debris had been removed. When necessary, the suspension was resonicated before centrifugation. Microscopic examination was used to confirm that the collected spores were free of contaminants.
DNA manipulation, plasmid construction and mutagenesis. The genomic DNA of Thermoactinomyces sp. CDF was extracted according to the method of Orsini & Romano-Spica (2001) , except that the cells were disrupted by grinding with a mortar and pestle, rather than microwave treatment. A fragment of the gene (cdf) encoding protease CDF was amplified from the genomic DNA with Pfu DNA polymerase by PCR employing two consensus-degenerate hybrid oligonucleotide primers (CODEHOPs), F and R (Table 1) , designed on the basis of two highly conserved amino acid sequences around the catalytic residues His and Ser of subtilases (Wu et al., 2004) ( Supplementary Fig. S1a ). The amplified DNA fragments were inserted into the EcoRI restriction site of pUC18 for DNA sequencing. TU1  59-GGATTCGCTGACTTTGTCCATG-39  TU2  59-GATGCACCAGTTGATCGCAC-39  TU3  59-CAACCCCCACAATCCCGGCCTC-39  TD1  59-GGCGGCAGGGAATCAAGG-39  TD2  59-GAAACCATCGCGGTGACATC-39  TD3  59-ACCGGATCCTGTCTGCCTGGCTG-39  AD1  59-NTCGASTWTSGWGTT-39  AD2  59-NGTCGASWTGANAWGAA-39  AD2  59-WGTGNAGWANCANAGA-39  AD4  59-AGWGNAGWANCAWAGG-39  PE1  59-CGGAATTCATATGGAATACACCAATGGTCTGCTC-39  PE2  59-CGCCTCGAGATATCGGTAGATCTTGTGATAAAAC-39  PN1  59-CGGGATCCTTACGTTATCCGGATGTCGCTTTCC-39  PN2  59-CGGGATCCTTACAATGTTCCGACATAAGGTTCGG-39  MTA  59-GTTCGGTGATCGCTATCCGGATGTC-39  MLP  59-CAGGAGTGTTCGGTGTTCCGACATAAG-39  MSA  59-GAGCGGGACTGCCATGGCGGTTC- The 59-and 39-ends of the cdf gene were amplified from genomic DNA by thermal asymmetrical interlaced PCR (TAIL-PCR) (Liu & Whittier, 1995) . Three antisense primers for 59-end TAIL PCR (TU1, TU2 and TU3) and three sense primers for 39-end TAIL PCR (TD1, TD2 and TD3) were designed based on the known partial nucleotide sequence of the cdf gene (Table 1 and Supplementary Fig. S1a ). The arbitrary degenerate primers used were AD1, AD2, AD3 and AD4 (Table 1 ). The amplified 59-and 39-end DNA fragments were ligated into the pMD18-T vector (TaKaRa), followed by DNA sequencing.
The cdf gene was amplified from genomic DNA with Pfu DNA polymerase by PCR employing primers PE1 and PE2 (Table 1) , and inserted into the NdeI-XhoI sites of pET26b to construct the expression plasmid pCDFC for the proform of protease CDF fused with a His-tag at the C terminus. Meanwhile, the gene fragments encoding the N-terminal propeptides N1 [residues Met(294) to Thr(210)] and N2 [residues Met(294) to Leu(21)] (see Fig. 2 ) were also amplified from the genomic DNA with Pfu DNA polymerase by using primer pairs PE1/PN1 and PE1/PN2 (Table 1) , respectively, and were inserted into the NdeI-BamHI restriction sites of pET26b to construct expression plasmids pCN1 and pCN2 for N1 and N2 without a His-tag, respectively.
The 'megaprimer' method of site-directed mutagenesis (Sarkar & Sommer, 1990 ) was employed to introduce point mutations into the cdf gene using pCDFC as template. The mutagenic primers were MTA for T(210)A, MLP for L(21)P and MSA for S223A (Table 1) , respectively.
Expression and purification. E. coli BL21(DE3) cells containing recombinant plasmids were cultured in LB medium containing 30 mg kanamycin ml 21 at 37 uC until the OD 600 reached 0.6. The target proteins were induced with 0.4 mM IPTG, and the cultivation was continued at 30 uC for 3 h. The cells were suspended in 50 mM Tris/ HCl (pH 8.0) and disrupted by sonication. The insoluble fractions were collected by centrifugation at 13 000 g for 10 min at 4 uC and washed three times with inclusion body washing buffer [50 mM Tris/ HCl, 1 % (v/v) Triton X-100, pH 8.0]. The pellet was then subjected to three successive washes with 50 mM Tris/HCl (pH 8.0) to remove the contaminated Triton X-100 and yield purified inclusion bodies.
The inclusion bodies were solubilized in 50 mM Gly/NaOH (pH 11.0) and incubated at 37 uC for 4-6 h to activate the enzymes. Thereafter, the soluble fractions were dialysed against buffer A (50 mM Tris/HCl, 0.5 M NaCl, pH 7.5) containing 9 mM imidazole at 4 uC, and then loaded onto a Ni 2+ -charged Chelating Sepharose Fast Flow resin (Amersham Biosciences) column for purification. The eluted fractions were dialysed against 50 mM Gly/NaOH (pH 11.0) to yield purified enzymes.
Enzyme activity assay. The standard assay for assessing the proteolytic activity of the enzyme towards azocasein was conducted at 55 uC for 2 h in 500 ml of reaction mixture containing 4 mg enzyme ml 21 and 0.5 % (w/v) azocasein in 50 mM Gly/NaOH (pH 11.0). The reaction was terminated by the addition of 500 ml 40 % (w/v) TCA. After standing at room temperature for 15 min, the mixture was centrifuged at 13 000 g for 10 min, and the absorbance of the supernatant was measured at 335 nm in a 1 cm cell. One unit (U) of activity was defined as the amount of enzyme required to increase the A 335 value by 0.01 unit per minute under the conditions described above.
The proteolytic activity of spores towards azocasein was carried out at 55 uC for 6 h in 500 ml of reaction mixture containing 4 mg (wet weight) spores and 0.5 % (w/v) azocasein in 50 mM Tris/HCl (pH 8.0). The reaction was terminated and the A 335 value measured as described above. One unit (U) of activity was defined as the amount of spores required to increase the A 335 value by 0.01 unit per minute under the conditions described above.
The proteolytic activity of the enzyme towards BSA and insoluble substrates (azocoll, keratin-azure and elastin-orcein) was measured as follows. The insoluble substrates were first washed three times with the same buffers as used in the reaction mixtures. The reaction mixture (600 ml) containing 10 mg enzyme ml 21 and 3 mg each substrate in 50 mM Gly/NaOH (pH 11.0) or 50 mM Tris/HCl (pH 8.0) was incubated at 55 uC for 2 h or 0.5 h (azocoll). The reaction was terminated by the addition of 600 ml 40 % TCA. After centrifugation, the absorbance of the supernatant was measured in a 1 cm cell at 280 nm for BSA, 540 nm for azocoll, 595 nm for keratinazure or 570 nm for elastin-orcein. One unit (U) of activity was defined as the amount of enzyme required to increase the corresponding absorbance value by 0.01 unit per minute under the conditions described above.
Assay for hydrolysis of the oxidized insulin B chain by protease CDF. The oxidized insulin B chain (1 mg ml 21 ) was mixed with protease CDF (4 mg ml
21
) in 50 mM Tris/HCl (pH 8.0). After incubation at 30 uC for 1 h and 12 h, 50 ml aliquots were removed, and the reaction was stopped by adding 50 ml 0.1 % (v/v) trifluoroacetic acid. The hydrolysed products were subjected to peptide mass fingerprint analysis by matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry (MALDI-TOF MS) using Applied Biosystems Voyager DE PRO.
SDS-PAGE and protein quantification. The SDS-PAGE was carried out with glycine-Tris (King & Laemmli, 1971) or TricineTris buffer systems (Schagger & von Jagow, 1987) . To prevent selfdegradation of the protease during sample preparation (boiling) or electrophoresis, the sample was precipitated by 20 % (w/v) TCA, and then washed with acetone before being subjected to SDS-PAGE. The gel was stained with Coomassie brilliant blue G-250. The amounts of target proteins were estimated by comparing band intensities with BSA standards using GeneTools gel imaging software (Syngene). The protein concentrations of the purified mature protease CDF and its intermediate were measured using the Bradford method (Bradford, 1976) with BSA as standard.
N-terminal sequence analysis. The proteins separated by SDS-PAGE were electroblotted onto a PVDF membrane. After staining with Coomassie brilliant blue R-250, the target protein bands were excised and subjected to N-terminal amino acid sequence analysis using a Procise 492 cLC peptide sequencer (Applied Biosystems).
Preparation of antiserum against protease CDF. The recombinant pro-protease CDF expressed in E. coli was used as antigen to raise antibodies in rabbits. After SDS-PAGE, the protein bands on the gel were visualized with 0.25 M KCl and cut out. The gel slice with proprotease CDF was washed thoroughly with distilled water, crushed into small pieces in normal saline, and used as immunogen. Two New Zealand White rabbits were immunized subcutaneously. Each injection contained 400 mg pro-protease CDF, and the rabbits were boosted twice in the same manner every 2 weeks. Ten days after the last dose, blood was drawn from the ear veins and placed at 4 uC overnight to clot. After centrifugation at 10 000 g for 10 min, the supernatant was recovered as antiserum.
Immunoblot analysis. Proteins separated by SDS-PAGE were electrophoretically transferred onto a nitrocellulose membrane. The blotted membrane was blocked with TBS [100 mM Tris/HCl, 0.9 % (w/v) NaCl, pH 7.5] containing 5 % (w/v) skim milk. The membrane was then incubated with the antiserum against protease CDF diluted 1 : 1000 in TBS containing 0.05 % (v/v) Tween-20 (TBST) at room temperature for 1 h. After washing three times with TBST, the blotted membrane was treated with a HRP (horseradish peroxidase)-conjugated goat anti-rabbit IgG (H+L) secondary antibody (Pierce) diluted 1 : 10 000 in TBST for 1 h at room temperature, and then washed three times with TBST. The immunoreactive proteins were identified using a 3,39-diaminobenzidine tetrahydrochloride substrate kit (ZSGB-BIO).
Transmission electron microscopy. Ultrathin sections of the spores were prepared according to the method of Horsburgh et al. (2003) . Specimens were viewed at a range of magnifications on an H-7000FA (HITACHI) transmission electron microscope operated at 75 kV. At least 30 spores of each sample were examined.
Nucleotide sequence accession number. The gene sequence of protease CDF reported in this paper has been deposited in the GenBank database under the accession number EF108326.
RESULTS

Proteolytic activity associated with spores
Thermoactinomyces sp. CDF displayed an optimum growth temperature of 55 u C. Its 16S rRNA gene showed 100 % sequence identity to those of T. vulgaris KCTC 9076 (AF138739) and T. candidus KCTC 9557 (AF138732). Microscopic examination revealed that both hyphae and spores were present in the lawn culture scraped from agar plates (Fig. 1a) , while only hyphae were observed in the submerged culture (data not shown).
The purified spores (Fig. 1b) were washed three times with 50 mM Tris/HCl (pH 8.0), and no proteolytic activity was detected in the final supernatant. In contrast, the washed spores displayed hydrolytic activity toward azocasein with a specific activity of 23.7±1.1 mU mg
21
, and the activity could be partially inhibited by 10 mM PMSF or 10 mM EDTA (Fig. 1c) , implying the existence of spore-associated serine protease(s). In addition, the spore-associated proteolytic activity was sensitive to SDS inhibition. Attempts to purify these protease(s) from the spores were not successful. Alternatively, we tried to clone the gene of the spore-associated serine protease and characterize the recombinant enzyme.
Cloning, sequencing and homology analysis
Two CODEHOP primers were used to perform PCR with the genomic DNA of Thermoactinomyces sp. CDF as template. The amplified DNA fragments (~500 bp) were ligated into pUC18 and then transferred into E. coli HB101. Sequence analysis of the inserts of the plasmids isolated from five randomly selected transformants revealed two kinds of DNA fragments. One was identical to a partial sequence for the extracellular E79 protease gene from Thermoactinomyces sp. E79 (Lee et al., 1996) . The other was found to be a part of an unknown subtilase gene (named as protease CDF), and the entire cdf gene was obtained by TAIL-PCR ( Supplementary Fig. S1a ). It is worth mentioning that the DNA sequence flanking the cdf gene was also obtained by subsequent TAIL-PCR and Adaptor-PCR, and at least seven genes involved in spore formation were found either upstream or downstream of the cdf gene ( Supplementary Fig. S1b , GenBank accession number GQ202245).
Protease CDF comprises 377 amino acid residues, and no signal peptide could be detected using SignalP 3.0 (Bendtsen et al., 2004) . This enzyme is translated as a proform (pro-protease CDF), consisting of a 94 aa Nterminal propeptide and a 283 aa mature domain (Fig. 2) . The mature protease CDF contains a large number of charged residues, which is not common in other subtilases (Table 2) . Using Savinase (PDB ID: 1NDQ) as template, we constructed a structure model of protease CDF by automated homology modelling ( Supplementary Fig. S2 ). According to this model, the charged residues were found to be distributed mainly on the enzyme surface.
The amino acid sequence of mature protease CDF shows highest identity (44 %) with that of a putative peptidase (Mt peptidase) of Moorella thermoacetica ATCC 39073 (Fig. 2) . In an unrooted phylogenetic tree of the subtilisin family, protease CDF and Mt peptidase are clearly located on a distinct branch from the members of the six known subfamilies of subtilisin ( Supplementary Fig. S3 ), implying that they may belong to a novel subfamily. 
Expression and maturation of protease CDF
The recombinant pro-protease CDF was expressed as inclusion bodies in E. coli. The proform could be easily solubilized from the inclusion bodies with alkaline buffers, such as 50 mM Gly/NaOH (pH 11.0-12.0), and most host proteins could be removed due to their insolubility under such conditions. As shown in Fig. 3(b) , the solubilization of the proform in alkaline buffer was accompanied by the appearance of two protein products with molecular masses of 32 kDa and 31 kDa, respectively. As the incubation time extended, the 32 kDa protein was finally converted to the 31 kDa protein (Fig. 3b) . These results indicate that proprotease CDF is converted to the mature form via an intermediate (32 kDa) by processing the 94 aa propeptide in a stepwise manner. By Edman degradation sequencing of the 32 kDa and 31 kDa proteins, the first and second cleavage sites were found to be located at Thr(210)-Ile(29) and Leu(21)-Asn1, respectively (Fig. 2) . The proform of active-site mutant S223A (pro-S223A) could not convert to the mature form (Fig. 3a) , suggesting that the active site is required for the autoprocessing of proprotease CDF. When the second cleavage site [Leu(21)-Asn1] was deleted by substitution of Leu(21) with proline, the mutant pro-L(21)P converted to the intermediate and was maintained in this form at pH 11.0 (Fig. 3a) . Additionally, the conversion of pro-L(21)P to the (Chenna et al., 2003) ] of protease CDF with Mt peptidase from Moorella thermoacetica ATCC 39073 (ABC20323), serine protease from Bacillus cereus (BCSP, Q7M0W3), E79 protease from Thermoactinomyces sp. E79 (AAB36499), thermitase from T. vulgaris (1105242A), Ak.1 protease from Bacillus sp. Ak.1 (Q45670), proteinase K from Tritirachium album Limber (P06873) and subtilisin BPN9 from B. amyloliquefaciens (P00782). The known signal peptide sequences are underlined. White and black arrows indicate the first and second processing sites of the N-terminal propeptide of protease CDF, respectively. The numbers represent the positions of the amino acid residues starting from the N terminus of mature protease CDF. Amino acid residues of (pre)propeptides are coded with negative numbers. Filled circles mark the residues of the catalytic triad. Open circles indicate the putative metal-binding site in protease CDF. The boxed residues indicate one of the known metal-binding sites in thermitase (Ca-3) (Gros et al., 1991) , Ak.1 protease (Na-1) (Smith et al., 1999) , proteinase K (Ca-1) (Betzel et al., 1988) and subtilisin BPN9 (Ca-2) (Bott et al., 1988) , respectively. ND, Not determined. *The pI values were calculated based on the amino acid sequences of the mature enzymes.
DThe mature region of Mt peptidase was predicted according to the result of primary structure homology analysis (Fig. 2) .
Fig. 3. SDS-PAGE analysis of the maturation of wild-type protease CDF and its mutants. (a)
The inclusion bodies of wild-type (WT) and mutants [L("1)P, T("10)A and S223A] were solubilized in 50 mM Gly/NaOH (pH 11.0) at 20 mg ml "1 and incubated at 37 6C. At the indicated time intervals, 100 ml aliquots were removed and subjected to SDS-PAGE. (b) SDS-PAGE analysis of the time-courses for maturation of wild-type (WT) and mutant L("1)P at initial protein concentrations of 15, 75 and 150 mg ml "1 at 37 6C in 50 mM Gly/ NaOH (pH 11.0). At the indicated time intervals, 200, 40 and 20 ml aliquots were removed and subjected to SDS-PAGE. (c) Processing of the proform of S223A by active intermediate (I*) and mature protease (M*). The proforms of mutant S223A (150 mg ml "1 ) in 50 mM Gly/ NaOH (pH 11.0) were mixed with 15 mg ml "1 purified I* [prepared from mutant L("1)P] or M* and incubated at 37 6C. At the indicated time intervals, 100 ml aliquots were removed and subjected to Tricine-SDS-PAGE. The inclusion bodies of N-terminal propeptides N1 (residues "94 to "10) and N2 (residues "94 to "1) were solubilized in 50 mM Gly/NaOH (pH 11.0), and the soluble fractions were used as controls. Arrows indicate the positions of the proform (P), the intermediate (I), the mature enzyme (M), and the processed and truncated N-terminal propeptides (N2, N1) on the gel, respectively. Std, molecular mass standard.
intermediate form was independent of protein concentration (Fig. 3b) , indicating that the auto-cleavage of peptide bond Thr(210)-Ile(29) occurs in an intramolecular manner.
The purified intermediate form of L(21)P (I*) (Fig. 3c , lane I*) displayed a specific activity of 61.7±2.6 U mg 21 or 74.1±3.9 U mg 21 towards azocasein at pH 11.0 in the absence or presence of 0.5 M NaCl, respectively, similar to that of wild-type enzyme (Table 3) . Therefore, its inability to process the first nine N-terminal residues [Ile(29) to Pro(21)] is due to the modification of the second cleavage site. Since no truncation of I* was observed under identical conditions where the intermediate remained active, the first nine N-terminal residues in the wild-type intermediate appear to be removed via a single peptide bond hydrolysis at the second cleavage site [Leu(21)-Asn1], rather than a successive degradation process.
Unlike the case of pro-L(21)P, pro-T(210)A remained as the proform under the same conditions (Fig. 3a) , suggesting that the deletion of the first cleavage site blocked the maturation process completely. Furthermore, the conversion of wild-type pro-protease CDF to the mature form was protein concentration dependent (Fig.  3b) , implying that the peptide bond [Leu(21)-Asn1] is hydrolysed intermolecularly. Supporting evidence came from the fact that pro-S223A could be processed to the mature form by active I* or mature protease CDF (M*), accompanied by the appearance of the intact N-terminal propeptide [N2, Met(294) to Leu(21)] and a truncated propeptide with nearly the same molecular mass as N1 [Met(294) to Thr(210)] (Fig. 3c) . Because no accumulation of the intermediate was observed, the truncated propeptide was most likely the degraded product of N2.
Highly alkaline conditions (pH 11.0-12.0) were favourable for the maturation process (Fig. 4a) . At pH values below 10.0 and in the absence of NaCl, the proform and intermediate of the wild-type or L(21)P mutant suffered autolysis. The presence of 0.5 M NaCl was beneficial for enzyme maturation by stabilizing the proform and intermediate at lower pH values (Fig. 4a) . Additionally, pro-S223A was able to convert to the mature form at pH 8.0 in the presence of proteinase K (Fig. 4b) , implying that exogenous protease can process pro-protease CDF at lower pH.
Biochemical properties of the recombinant protease CDF
The mature protease CDF with a His-tag at the C terminus was purified by affinity chromatography using a Ni 2+ -charged column (Fig. 3c, lane M*) . The enzyme displayed pH and temperature optima of pH 10.5-11.0 and 50-55 u C (Fig. 5a, b) , respectively, and was very stable at 37 u C (Fig.  5c, d ). When the enzyme was incubated at 50 u C in the absence of NaCl, its half-lives at pH 11.0 and 8.0 were 120 min and 10 min, respectively. In the presence of 0.5 M NaCl, its half-lives at 50 u C increased markedly both at pH 11.0 (~460 min) and at pH 8.0 (~300 min) (Fig. 5c,  d ). It is worth mentioning that we have also constructed the recombinant protease CDF without the His-tag, which showed nearly the same properties as the enzyme with the His-tag, in terms of pH optimum, temperature optimum and stability (data not shown), implying that the His-tag does not affect enzyme properties. Unlike other subtilases that require calcium for stability, protease CDF did not show enhanced stability in the presence of 10 mM CaCl 2 , and the enzyme stability was not affected by 10 mM EDTA. Among the metal ions tested, Fe 2+ (1 mM) and Fe
3+
(5 mM) inhibited the enzyme activity completely. Anionic detergent SDS (0.5 %) also caused a complete loss of the activity of protease CDF (data not shown).
Protease CDF was able to digest azocasein, BSA and azocoll, and could hydrolyse keratin-azure weakly, but it was inert towards elastin-orcein (Table 3) . In most cases, the enzyme showed higher activities in the presence of 0.5 M NaCl than in the absence of NaCl, most likely due to the stabilizing effects of NaCl on the enzyme (Fig. 5c, d) . However, the enzyme was inert towards BSA at pH 8.0 in the presence of 0.5 M NaCl, but could weakly hydrolyse this substrate in the absence of NaCl. The reason for this remains unclear. In the presence of 0.5 M NaCl, protease CDF showed slightly higher activities towards the insoluble substrates (azocoll and keratin-azure) at pH 8.0 than at pH 11.0, in contrast to its activity towards the soluble substrates (azocasein and BSA) ( Table 3 ). This is probably because the soluble substrates are less stable under higherpH conditions, and the unfolded polypeptides are more susceptible to proteolysis. A major cleavage site (Leu15-Tyr16) in oxidized insulin B chain was detected after a 1 h digestion by protease CDF, and two additional sites (Leu11-Val12 and Phe24-Phe25) were confirmed after a 12 h digestion (data not shown), implying that the enzyme prefers to hydrolyse peptide bonds with a hydrophobic amino acid residue at the P1 position. The values are expressed as the mean±SD of three independent experiments.
Substrate Specific activity (U mg "1 ) pH 8.0 pH 11.0 +0.5 M NaCl "NaCl +0.5 M NaCl "NaCl By immunoblot analysis, the proform and the mature form of protease CDF were detected in the lawn culture (Fig. 6a , lane L), and small amounts of both forms were found in the intracellular soluble fraction (Fig. 6a, lane N) . The appearance of two protein bands with molecular masses larger than that of the pro-protease CDF might result from cross-reaction between the antibodies and other proteins. Fig. 4 . Effects of pH and NaCl (a), and proteinase K (b) on the processing of proprotease CDF and its mutants. (a) Inclusion bodies of the proforms of wild-type (WT) and mutant L("1)P were solubilized in 50 mM Gly/ NaOH (pH 11.0) at a protein concentration of 300 mg ml "1 . The solutions were immediately diluted 10-fold in 50 mM Tris/HCl (pH 7.0-9.0) or 50 mM Gly/NaOH (pH 10.0-12.0), respectively, in the presence or absence of 0.5 M NaCl. After incubation at 37 6C for 2 h, samples were subjected to SDS-PAGE analysis. (b) The proform of mutant S223A was mixed with proteinase K (K) in 50 mM Tris/HCl (pH 8.0) at a final concentration of 30 mg ml "1 or 3 mg ml "1 , and was incubated at 37 6C. At the indicated time intervals, aliquots were removed and subjected to SDS-PAGE analysis. Arrows indicate the positions of the proform (P), the intermediate (I) and the mature enzyme (M) on the gel, respectively. Std, molecular mass standard. Fig. 5 . Effects of pH and temperature on recombinant protease CDF activity (a, b) and stability (c, d). (a) Using azocasein as a substrate, the proteolytic activity of the purified enzyme (4 mg ml "1 ) was measured at 55 6C in the following 50 mM buffers: Tris/HCl (pH 7.0-9.0), Gly/NaOH (pH 9.0-13.0). (b) Enzyme activity was measured in 50 mM Gly/ NaOH (pH 11.0) at the temperatures indicated. Relative activity was calculated with the highest level of activity observed, at pH 11.0 or 55 6C, defined as 100 %. (c, d) The enzyme (4 mg ml "1 ) in 50 mM Gly/NaOH (pH 11.0) (c) or in 50 mM Tris/HCl (pH 8.0) (d) was incubated at 37 6C or 50 6C in the presence or absence of 0.5 M NaCl. At the indicated time intervals, aliquots were removed and subjected to activity assays. The residual activity was expressed as a percentage of the original activity. The reported data are the mean of three independent experiments; and standard deviations for the datasets were less than 10 % of the means.
Notably, the proform and the mature form of protease CDF were detected in the purified spores (Fig. 6a, lane S) . However, the intermediate was hardly detected, probably due to its instability at physiological pH, which is unlikely to exceed pH 11.0, where the intermediate could be stabilized (Fig. 4) . Meanwhile, we can not rule out the possibility that the intermediate had rapidly converted to the mature form with the aid of other protease(s) of the host.
The protease CDF could not be removed from the spores by washing with normal saline (Fig. 6a) or buffers with pH values below 10 (Fig. 6b) . However, the enzyme could be extracted from the spores with 2 M KCl, while most other spore proteins could not (Fig. 6a) . When the spores were suspended in 1 % SDS, the spore-associated protease CDF was released into the solution and suffered autolysis. Similar to the inclusion bodies of pro-protease CDF, most of the spore-associated proforms could be solubilized from the spores at pH values above 11.0, and were able to convert to the intermediate and mature forms (Fig. 6b) . It was noticed that, in the absence of NaCl, no autolytic fragments of pro-protease CDF were detected in the spore samples suspended in buffers with pH values below 10 at 37 u C or 50 u C (Fig. 6b) , unlike the cases of recombinant proform, which suffered autolysis under the same conditions (Fig. 4) . This result indicates that protease CDF can be stabilized by binding to the spore. Ultrathin-section electron microscopy of the spores demonstrated that the coat structure remained intact after being washed with 2 M were suspended in 2 M KCl, 1 % (w/v) SDS and normal saline, respectively, and incubated at 37 6C for 1 h. After centrifugation, the supernatants (q) and precipitates (Q) were subjected to SDS-PAGE and immunoblot analysis. The control sample (lanes C and C9) was generated by solubilizing the inclusion bodies of pro-protease CDF in 50 mM Gly/ NaOH (pH 11.0) containing 0.5 M NaCl and incubating at 37 6C for 30 min. The amount of the control sample loaded for SDS-PAGE analysis (lane C) was three times that for the immunoblot (lane C9). (b) The purified spores were suspended in 50 mM sodium phosphate (pH 6.0), 50 mM Tris/HCl (pH 8.0) and 50 mM Gly/NaOH (pH 10.0-12.0), respectively. After incubation at 37 6C or 50 6C for 1 h, the supernatants (q) and precipitates (Q) were subjected to immunoblot analysis. The horizontal arrows in (a) and (b) indicate the positions of the proform (P), the intermediate (I) and the mature enzyme (M) on the gel or nitrocellulose membrane, respectively. Std, molecular mass standard. (c) Ultrathin-section electron microscopy of the spores recovered from the lawn culture (i), purified spores (ii), and the spores extracted with 2 M KCl (iii) or 50 mM Gly/NaOH (pH 11.0) (iv). Magnification, ¾40 000. Bars, 100 nm. cx, cortex; ct, coat; oc, outer coat; ilc, inner lamellar coat.
KCl or 50 mM Gly/NaOH (pH 11.0) (Fig. 6c) , by which treatment spore-associated protease CDF could be extracted from the spores, suggesting that the enzyme is located on the spore surface.
DISCUSSION Enzymic properties
Protease CDF has a pH optimum of pH 10.5-11.0, and is more stable at higher pH values. In common with other high-alkaline proteases, protease CDF possesses a high content of Arg residues (17 Arg), which has been proposed to be very important for alkaline stability of the enzyme (Makhatadze et al., 2003; Masui et al., 1994) . Interestingly, protease CDF also has a high content of Lys residues (16 Lys) and negatively charged residues (11 Asp and 13 Glu). These charged residues, constituting about 20 % of the total 283 residues of this enzyme, are mainly distributed on the enzyme surface. The highly charged surface probably contributes to the pH-dependence of the enzyme with respect to solubility and stability. In consideration of the fact that protease CDF is associated with the spore, the highly charged surface may play an important role in the binding of the enzyme to the spore. Supporting evidence comes from the observation that this enzyme could be extracted from spores with 2 M KCl, which is expected to weaken the electrostatic interactions between protease CDF and other spore components by increasing the buffer's ionic strength. Likewise, the previously reported 2 M KClextractable serine protease form the spores of Bacillus cereus (Boschwitz et al., 1985; Moriyama et al., 1998; Tesone & Torriani, 1975 ) also has a high content of charged residues (Table 2) . Moreover, our results indicate that the spore-bound protease CDF is more stable than the soluble one, resembling the cases of immobilized enzymes that can be stabilized by carriers. Based on the evidence that the stability of soluble protease CDF increases at higher pH values or in the presence of NaCl, it is rational that the electrostatic interaction between protease CDF and the spore is involved in the stabilization of the enzyme.
Calcium binding has been shown to be essential for structural stability of members of the subtilase superfamily (Siezen & Leunissen, 1997) . However, the stability of protease CDF is calcium-independent, but depends on NaCl. By sequence comparison analysis, only one metalbinding site could be predicted in protease CDF (Fig. 2) , which corresponds to the weak calcium-binding site of subtilisin BPN9 (Ca-2) (Bott et al., 1988) , Carlsberg (Ca-2) (McPhalen & James, 1988) and thermitase (Ca-3) (Gros et al., 1991) , as well as the sodium-binding site of Ak.1 protease (Na-1) (Smith et al., 1999) . In the absence of added Ca 2+ , the weak site in subtilisin BPN9, Carlsberg or thermitase is occupied by a monovalent cation, such as Na + or K + , which will be displaced by Ca 2+ at high calcium concentrations (Bott et al., 1988; Gros et al., 1991; McPhalen & James, 1988) . Here, we tentatively postulate that the corresponding site in protease CDF is involved in the binding of Na + , and contributes to the enzyme stability.
Maturation
In subtilases, the N-terminal propeptide usually acts as an intramolecular chaperone to facilitate the correct folding of the mature domain, and as a potent inhibitor of the mature enzyme (Kojima et al., 1997) . The maturation process of subtilases has been extensively studied for subtilisin E and BPN9, of which the peptide bond between the N-terminal propeptide and the mature domain is hydrolysed in an autocatalytic way, mediated by the active site of the mature enzyme (Gallagher et al., 1995; Yabuta et al., 2001) . Unlike those of subtilisin E and BPN9, pro-protease CDF converts to the 31 kDa mature enzyme via a 32 kDa intermediate, and its N-terminal propeptide is autoprocessed in a stepwise manner. Recently, it has been reported that the N-terminal region of the mature domain in the proform of Tk-subtilisin is disordered when the calcium ion binds to the Ca-7 site, which is required to promote the autoprocessing reaction. After autoprocessing of the N-terminal propeptide, the nine residues of the disordered new N terminus of mature Tk-subtilisin are truncated (Tanaka et al., 2007) . In another study, it was shown that the seventeen-residue flexible linker part between the propeptide and mature domain of kumamolisin-As is further truncated by exogenous protease after the intramolecular autocleavage of the peptide bond between the propeptide and the linker under acidic conditions (Comellas-Bigler et al., 2004) . In the case of protease CDF, the second processing site in the proform or the intermediate is susceptible to intermolecular proteolysis, suggesting that the region around this site is exposed and flexible, resembling the cases of Tk-subtilisin and kumamolisinAs. However, protease CDF differs in that its maturation is calcium independent, and alkaline conditions can speed up the maturation process.
Localization
The spore of Thermoactinomyces sp. CDF has the same ordered structure as the endospore of Bacillus species, in which the coat forms the outermost layer, according to the results of ultrathin-section electron microscopy (Fig. 6c) . Protease CDF is associated with the spore coat, and is also present in the intracellular soluble fraction of the cell. It appears that the enzyme is assembled onto the spore surface after its synthesis in the mother cell. The sporeassociated protease CDF is extractable with 2 M KCl. A KCl-extractable ectoprotease has been described for the dormant spores of B. cereus. The ectoprotease of B. cereus was proposed to be unnecessary for the germination process, based on the observation that the removal or inactivation of the ectoprotease did not affect the spore germination (Moriyama et al., 1998) . Our preliminary results (unpublished data) show that the spores of Thermoactinomyces sp. CDF can germinate normally after treatment with 0.5 % (w/v) SDS, which can completely inactivate soluble protease CDF. However, we can not exclude the possibility that the spore-bound protease CDF is SDS-resistant to some extent. The physiological role of this enzyme remains to be elucidated. On the other hand, considering that the airborne spores of Thermoactinomyces species are recognized as important respiratory hazards, the evidence that protease CDF possesses collagenolytic activity is particularly interesting, because collagens are the major component in the animal extracellular matrix and are present throughout the body, including the lung. Moreover, protease CDF was not sensitive to EDTA, whereas the spore-associated proteolytic activity could be partially inhibited by 10 mM EDTA (Fig. 1) , implying that the spores of Thermoactinomyces sp. CDF contain other surface-associated metalloprotease(s) and/or serine protease(s). Further investigation of these proteases and their potential relevance to pathogenesis is warranted.
